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BALANCED BRIDGE SAW FTER FIELD OF THE INVENTION
This invention relates to a Surface Acoustic Wave (SAW)
filter. In particular, it relates to a SAW filter comprising at least two pairs of SAW impedance elements electrically coupled to form a bridge circuit.
BACKGROUND OF THE INVENTION
SAW technology has found a number of applications in the electronics and RF art. Due to the fact that SAW wavelengths are typically 10 times shorter than that of electromagnetic waves, SAW technology has found particu lar applications where miniaturization is important or desir able. One such application is the use of SAW filters in radio telephones where the typically small size and weight of SAW filters is highly advantageous over conventional tech nologies, such as ceramic filters, dielectric filters, and filters using magnetostatic principles. It is a requirement of such filters that they have low-loss, typically insertion losses of 1-3dB. A typical example of a conventional SAW filter is a transversal SAW filter in which SAW energy is transferred between two spaced apart interdigital transducers (IDTs). The IDTs each comprise two sets of electrode fingers which are formed on the surface of a piezoelectric substrate. The fingers in each set are typically all electrically connected together and are interleaved (interdigitated) with the elec trode fingers of the other set. In the simplestform of IDT, the spacing between adjacent fingers of a set is one acoustic wavelength i.e., one per period. However, it is possible to have more than one finger per acoustic wavelength (period), and a corresponding number on the otherset. In a transversal SAW filter, electromagnetic energy is converted into SAW energy by coupling the electrostatic field pattern of an input IDT to a SAW by the piezoelectric effect. A problem with SAW filters is that their maximum input power is limited due to the mechanical vibration caused by large amplitude SAWs degrading the IDT electrode fingers resulting in lower per formance from the filter. Additionally, conventional filters have relatively high losses, typically greater than 10 dB for transversal type SAW filters. Similar problems occur with SAW resonator type filters.
A known filter which addresses the problem of limited maximum input power is disclosed in an article entitled "Miniature SAW Antenna Duplexer for 800 MHz Portable Telephone Used in Cellular Radio Systems", IEEE MTT vol. 36 No 6 June 1988. The known filter utilizes electrically cascade-connected SAW IDTs of a type known as SAW resonators and conventional capacitors connected in a lad der-type scheme. In this scheme, the SAW resonators are substantially acoustically independent of each other and are conceptually modelled and used as electrical impedance elements. Modelling and using a SAW resonator as an impedance element is possible because a SAW element such as a SAW resonator has an electrical impedance which is, in part, dependent on the electro-acoustic interaction of the electrode fingers of the SAW resonator with the mechanical vibration of the SAW. Near to the center frequency of the SAW elements (i.e., the frequency at which the separation of adjacent fingers is 2) it has a maximum electrical admit tance and a minimum electrical admittance. These are respectively the electrical resonant and anti-resonant fre quencies of the SAW element. When large changes in electrical impedance are desired, the electro-acoustic inter 2 action must be high. Thus, SAW elements with a large number of electrode finger pairs are used. Conventional SAW resonators having reflectors at both ends of a trans ducer and a large number of electrode pairs can be used, or alternatively transducers having just a large number offinger pairs can be used. Since the SAW resonators in the known filter are being utilised primarily as lumped impedances, it is convenient to term them SAW impedance elements. The term SAW impedance elements will hereinafter be used when referring to any SAW element (IDT, SAW resonator or otherwise) which is being used in at least part for its electrical impedance properties. In the foregoing the indi vidual SAW resonators can be modelled as lumped imped ance elements connected in series, and a conventional capacitance (static capacitance Cs) connected in parallel between ground and a port of a SAW resonator. The static capacitance is due to the capacitance between electrodes of the SAW resonators, between electrodes of the SAW reso nators and ground, and the resonator to resonator coupling pattern and ground.
The known filter can operate at high powers because in the passband of the filter, i.e., in the region of the SAW resonator center frequency, most of the signal energy is transferred electrically through the resonators. Thus, there is very little degradation of the electrode fingers. Although the above described filter addresses the problem of limited maximum input power, the out of band insertion losses are typically 20-25 dB which are not sufficient for many appli cations. Such low insertion losses are due to the static capacitance transmitting a significant proportion of energy in the out of band frequecy range through the filter, since out of band the filter acts as a capacitative ladder.
SUMMARY OF THE INVENTION
In accordance with the present invention there is provided a SAW filter comprising a first pair and a second pair of SAW impedance elements electrically coupled to form a bridge circuit, wherein a center frequency of each SAW impedance element of the first pair of SAW impedance elements is different to a center frequency of each SAW impedance element of the second pair of SAW impedance elements, and the product of the static impedance of the SAW impedance elements of the first pair is substantially equivalent to the product of the static impedance of the SAW impedance elements of the second pair.
The advantage of the present invention is that the voltages transmitted from the input to the output due to static capaci tances are cancelled, thereby reducing out of band transmis sion. A further advantage of the invention is that very little acoustic power is generated in the impedance element and therefore it can handle high input power levels. Furthermore, the phase relationship between the electrode fingers becomes non-critical. Thus, the impedance elements can be simple, well known periodic structures which reduces the complexity of the masks used in manufacturing the electrode structures and increases the percentage tolerances during the manufacturing process. Additionally, because very little acoustic power is produced the impedance elements do not interact acoustically, which is the converse of resonator filters for example in which frequency characteristics are determined by a fine phase balance between reflected waves. Thus, each impedance element can be a simple SAW trans ducer or one-port resonator and can be placed close to other such elements whilst remaining acoustically independent of them. Contrary to conventional resonator filters, the fre quency characteristics of a filter comprising such impedance 3 elements are determined by the electrical network formed by the impedance elements. This aids miniaturization of the filter and reduces the complexity of the circuit since the need for acoustic absorbers is reduced. Thus, instead of very complicated SAW devices such as coupled resonator filters which are difficult to design and have low production yields, simple and reliable SAW devices can be fabricated which have improved frequency characteristics and power-han dling.
By designing the filter such that the static impedance of each SAW impedance element of the first and second pair of SAW impedance elements are substantially equivalent, it would be possible to use the same mask for each element of a pair of SAW elements.
In a preferred embodiment of the invention, the fractional difference between the center frequency of each SAW impedance element of the first pair of SAW impedance elements and the center frequency of each SAW impedance element of the second pair of SAW impedance elements is substantially half the electro-mechanical coupling coeffi cient K" of the substrate. Such a preferred embodiment has the advantage that the bandwidth of the filter can be deter mined by a suitable choice of substrate material, since the parameter K determines the maximum achievable passband with low loss.
Preferably, each impedance element has at least 2/K" electrode finger pairs. This has the advantage that there is a large change in the electrical impedance of respective SAW impedance elements near to their respective center frequen cies. Each transducer of the first and second pair of imped ance elements have respective electrode finger widths of substantially quarter of the acoustic wavelength of the center frequency of respective impedance elements. Such an embodiment has the advantage that the electrode fingers are relatively wide and thus high frequency filters (-2 GHz) can be constructed, without reducing the percentage tolerances during the manufacturing process to an unacceptable level. Such an embodiment should be compared with other types of low loss SAW filters wherein the electrode fingers are typically is or /, in order to get low loss performance. In such filters, the maximum frequency is limited by the resolution of the lithographic process used to produce the SAW filters.
Suitably, the SAW transducers can be configured as simple SAW interdigital transducers (IDT), SAW resonators or SAW resonator-type structures. Such embodiments have the advantage that well known transducer patterns can be utilized in the invention, thereby simplifying the design of a filter comprising the invention. Furthermore, particularly narrow band filters can be constructed using SAW resonators as impedance element structures.
Advantageously, apodized interdigital electrode struc tures can be used in the invention to optimise the filter characteristics, e.g., reduce ripple in the passband or to produce a narrowband filter.
Two or more filters having impedance elements arranged in conformity with any of the aforementioned embodiments can be electrically cascade-coupled to each other to form a composite filter. Such an arrangement can be configured so that the center frequencies of a pair of impedance elements in one filter corresponding to a pair of impedance elements in another filter are optimised to suppress ripples in the passband of the composite filter due to the corresponding pair of impedance elements in the other filter. Furthermore, such a composite filter can be configured such that its shape factor is improved relative to a single bridge filter. 
DESCRIPTION OF EMBODIMENTS OF THE INVENTION
Embodiments of the invention will now be described, by way of example only, and with reference to the drawings. It is an important element of the bridge filter circuit that the center frequencies of the two pairs of impedance ele ments are different. The center frequency of an impedance element is determined by the periodicity (p) of its electrodes. In this embodiment the difference between the periods defines the difference between the center frequencies and satisfies the following relationship:
where p, p and p are respectively the periodicity of the where f is the center frequency for IDT1, f, is the center frequency for IDT2 and f is the average center frequency. The best results as to low losses and low ripple in the passband of the bridge filter are obtained if the difference between the periods (p-pa) is chosen so that the maximum admittance of one pair of impedance elements at the same frequency as the minimum of another pair. The total static capacitance of each impedance element is given by NCSW, and it is a simple matter to design impedance elements IDT1 and IDT2 such that they have substantially equal static capacitances. Optionally, the product of the static capaci tance Cs of the pair of impedance elements of IDT, and In some cases, for example, for narrow-band devices it can be of advantage, to use other possibilities to shift the resonance frequency. This shift can be achieved using: a) change of mark/space ratio in element 2 compared to The combinations of proposed means are possible. This has the advantage that small changes in frequency are possible and that the parasitic capacitances of all the IDTs can be made the same, although the IDTs have different resonant frequencies. FIG. 3 shows a graph of the absolute value of admittance versus frequency for two different IDTs, conforming to the foregoing criteria, and supported on a 64-LiNbO substrate. The positions of the two peaks of magnitude of electrical admittance are chosen to give a desired filter bandwidth.
In the present embodiment the difference between the center frequencies of IDT1 and IDT2 has been chosen such that their respective admittance curves intersect at an admit tance corresponding to the input and output loads of the bridge filter. Of course, the input and output loads may not necessarily be equal.
In a circuit in which the input and output loads are not equal (r. 71), insertion loss can be reduced by designing the bridge filter to appropriately transform r, r in order to match the input and output loads. However, if r and r are greatly different mismatch losses are inevitable.
Typically, the piezoelectric substrate and the design of the impedance elements is chosen such that the peak magnitude of the IDT admittances is 10 to 100 times greater than that due to the static capacitance of the IDT's. The higher this ratio the lower the insertion loss which can be achieved.
It would be straight forward for a person skilled in the art to meet these design criteria by an appropriate choice of substrate material, periodicity of and number of finger pairs N and aperture W, for a desired IDT center frequency.
The bridge filter operates in the following fashion. When a signal having a frequency outside of the passband of the bridge filter is applied to the inputs of the bridge filter, the signal is split between the two arms of the filter. Since the static capacitances of transducers IDT1 and IDT2 are equal the signal is split equally between the arms of the bridge filter and zero signal is seen at the output of the filter. Thus, for out of band signals the effects of static capacitance are balanced out and there is low transmission through the filter.
However, if the frequency of an input signal is in the passband the admittance of transducers IDT1 and IDT2 are different (due to SAW generation) and thus the input signal sees a different admittance sequence in each arm of the bridge. Referring to FIG. 3 , the electrical anti-resonance frequency of IDT2 occurs at approximately the same fre quency as the electrical resonant frequency of IDT1 and the bridge is strongly imbalanced. At electrical anti-resonance the electrical admittance of the IDTs is low, therefore a signal having a frequency (), corresponding to an electrical anti-resonance of IDT2 would see a low electrical admit tance. However, () is the electrical resonant frequency of IDT1 and therefore the signal would see a high electrical admittance in the arm containing IDT1 and the signal would pass through the arms containing impedance elements IDT1 to the output of the filter. At the resonant frequency () of IDT2, or the anti-resonant frequency () of IDT1 the bridge is also strongly imbalanced, since one pair of arms has a lower impedance than the other. However, contrary to the situation when the frequency is (), at these frequencies one of the arms has an impedance close to the input and/or output loads r, r. Thus, some losses appear at these frequencies. Therefore, the maximum passband is limited by frequencies (), and (), and the lowest losses can be obtained in the frequency range lying between the intersection points of admittance curves 1 and 2 (marked A and B on FIG. 3) .
7
In the passband of the bridge filter, the electrical admit tance of one pair of IDTs is very high in comparison with the input-output admittance of the bridge filter near to the electrical resonant frequency of the one pair of IDTs. That means that only a small part of the input signal voltage is applied to the IDT's. (The voltage is shared between input, output and network elements roughly proportional to the impedances). The transfer of energy from the input to the output in this case substantially takes place in the form of electrical energy as in conventional networks and transmis sion lines.
At rejection points, the admittance of the impedance elements transducers is low and the current in the bridge circuit is low. Thus energy flow everywhere including in the SAW elements is low. Finally, in the stop band range of frequencies SAWs are not excited, because of the absence of wave synchronism, and the impedance elements are solely capacitive.
Due to the fact that near to the resonant frequency of the IDTs almost all the signal energy is electrically transmitted through the IDTs, there is very little SAW generation and the mechanical vibration of electrode fingers is very small. Thus, it is possible to use the bridge filter at high signal powers without degrading the electrode structure. In FIG. 4 , the dotted line shows insertion loss against frequency for a single bridge filter circuit. This bridge circuit utilises two pairs of IDTs each having as 150 pairs of single electrodes with an aperture of s25 um and a period s5 pum. As can be seen from FIG. 4a) , the passband has a relatively poor shape factor . FIG. 4 b) shows a magnified view of the passband shown in FIG. 4a) , which shows the high degree of ripple present in the passband. The foregoing filter characteristics can be improved by cascading individual bridge filters, thereby forming a composite filter comprising bridge filtersections. In particular, ripples in the passband of the filter can be decreased by shifting the center frequencies of corresponding impedance elements in a neighbouring filter section of such a composite filter. Such frequency shifting is determined by small differences between the periods of corresponding impedance elements -05-A-Jay where Afis the period of the ripples in the passband in one of the individual bridge circuits and f and p are respec tively the average frequency and average periodicity in one of the individual bridge circuits.
In FIG. 4 the solid line shows the frequency characteristic of a filter having two bridge filter sections connected in series and having small differences in the center frequencies of corresponding pairs of impedance elements to suppress ripples in the passband. As can be seen from the solid line the shape factor of the composite filter characteristic has been improved with respect to that of a single bridge filter, and the edges of the passband are much sharper.
FIG. 5, shows typical schematic topological layouts that could be employed to fabricate a filter comprising two cascaded bridge filters. To avoid the reception of SAW by one impedance element generated by another impedance element acoustic absorbers can be placed between imped ance elements. Alternatively, the impedance elements can be disposed relative to each other such that they are in different acoustic channels.
The reproducibility and reliability of manufacture of a filter designed and fabricated according to the present inven tion is exemplified by FIG. 6. FIG. 6 shows the transmission characteristics for three nominally identical balanced bridge The difference in length between the transducers com prising the two pairs was a design error and manifests itself in the relatively low level of suppression (-50 dB) In view of the foregoing description it will be evident to a person skilled in the art that various modifications may be made within the scope of the invention. In particular, the term SAW includes other types of waves similar to conven tional surface acoustic waves, such as surface skimming bulk waves (SSBWs), leaky waves and surface transverse waves (STWs).
The scope of the present disclosure includes any novel feature or combination of features disclosed therein either explicitly or implicitly or any generalisation thereof irre spective of whether or not it related to the claimed invention or mitigates any or all of the problems addressed by the present invention. The applicant hereby gives notice that new claims may be formulated to such features during the prosecution of this application or of any such further appli cation derived therefrom. We claim:
1. A SAW filter comprising a first pair and a second pair of SAW impedance elements electrically coupled to form a bridge circuit, wherein a center frequency of each SAW impedance element of the first pair of SAW impedance elements is different to a center frequency of each SAW impedance element of the second pair of SAW impedance elements, and a product of a static capacitance of the SAW impedance elements of the first pair is substantially equiva lent to a product of a static capacitance of the SAW imped ance elements of the second pair such that the static capaci tances of the respective pairs of SAW impedance elements are balanced. a first pair of SAW impedance elements; and a second pair of SAW impedance elements electrically coupled to the first pair of SAW impedance elements to form a bridge circuit, wherein a center frequency of each SAW impedance element of the first pair of SAW impedance elements is different to a center frequency of each SAW impedance element of the second pair of SAW impedance elements, and a product of a static capacitance of the SAW impedance elements of the first pair is substantially equivalent to a product of a static capacitance of the SAW impedance elements of the second pair, wherein the at least two SAW filters are electrically cascade coupled in series. 13. A composite SAW filter according to claim 12, wherein one of the two or more SAW filters is adapted to inhibit ripples in the passband of the composite SAW filter caused by another one of the two or more SAW filters.
14. A radio telephone having a saw filter, the saw filter comprising:
a first pair of SAW impedance elements; and a second pair of SAW impedance elements electrically coupled to the first pair of SAW impedance elements to form a bridge circuit, wherein a center frequency of each SAW impedance element of the first pair of SAW impedance elements is different to a center frequency of each SAW impedance element of the second pair of SAW impedance elements, and a product of a static capacitance of the SAW impedance elements of the first pair is substantially equivalent to a product of a static capacitance of the SAW impedance elements of the second pair such that the static capacitances of the respective pairs of SAW impedance elements are bal anced.
